, and evaluate complex problems in wildlife management (Schneider et al. 1993) .
In this paper we use dimensionless ratios to summarize knowledge of variance generating processes across spatial and temporal scales. This summary identifies dominant variance generating processes at any scale of interest and can be used to improve the design of field sampling programs. The application of dimensional reasoning to evaluate competing processes complements the quantitative description of scale-dependent biological pattern. It neither replaces statistical techniques, nor is it directly comparable to them.
Methods
Prior to any field sampling, a crucial task is to identify variables to be measured and appropriate scales of measurement for each variable. A scale of measurement has two components -a resolution and a range. The resolution or grain is the minimum sample unit (e.g. quadrat size) while the range is the maximum extent of the sample (O'Neill et al. 1986, Wiens 1989). To summarize the relative importance of biological or physical processes that generate scale-dependent biological variability, we propose a 'generic' procedure consisting of 4 steps: 1) state the quantity of interest. 2) write an equation incorporating all potential sources of variability for this quantity. 3) calculate dimensionless ratios. 4) plot and contour ratio values in rate diagrams using existing data.
To illustrate this procedure, we examine the spatial and temporal dynamics of capelin (Mallotus villosus) biomass distribution in the northwest Atlantic. Capelin are a pelagic, schooling fish species inhabiting sub-Arctic and Arctic waters in the Atlantic and Pacific oceans (Jangaard 1974 ). In the northwest Atlantic, adult capelin (>3 yr) migrate from offshore to coastal waters to spawn on gravel beaches during June and July (Carscadden 1983) . During this period, capelin form the basis of a multimillion dollar commercial fishery (Carscadden 1983 ). They are a key forage species for marine mammals, fish, and marine birds (Bailey et al. 1977) , and they experience spawning mortality in excess of 80% (Carscadden and Miller 1980) . Eggs hatch within the beach gravel in 9-20 d (Templeman 1948, Frank and Leggett 1981) and are transported offshore (Fortier and Leggett 1982, 1983) . Surviving adults and juveniles remain offshore during autumn and winter (Bigelow and Schroeder 1963, Bailey et al. 1977) . In summary, changes in the distribution of capelin biomass are a result of demographic (recruitment, mortality), growth, and kinematic (active and passive movements) processes acting within a wide range of spatial and temporal scales.
The quantity of interest in this example is the proportional rate of change of capelin biomass in the northwest Atlantic. The rate of change of biomass has dimensions time-'. The biomass B of a group of organisms (i) is the product of the number of animals N multiplied by their individual mass M:
(1) The third step combines terms from eq. (4) to form dimensionless ratios. If terms in an equation are dimensionally heterogeneous, a complete set of ratios is obtained by dimensional analysis (Bridgman 1922 ). If all terms in an equation have the same units then ratios can be combined from any pair or group of terms. This flexibility enables the formation of ratios relative either to a process of interest (e.g. Schneider 1992) or to the combination of multiple terms into functionally important single terms (Fischer et al. 1979 ). In eq. (4) we can form 3 ratios relative to the fluid mechanics term or combine demographic and kinematic terms to form population dynamics and construct a single ratio with somatic growth.
In the capelin biomass example, all terms in eq. (4) have dimensions time-' and so we formed ratios from the equation. We used biological reasoning to select pairs of terms to compare. For example we were more interested in comparing the two kinematic terms, VF and VI, than comparing one of the kinematic terms to demographics N or somatic growth M. A formal approach illustrating the use of dimensional analysis to form ratios from eq. (4) is provided in Appendix B. The formal approach ensures that redundant ratios are not included.
The first dimensionless ratio compares somatic growth M to the net result of demographics N and kinematics V. Over short time scales, this ratio is greater than 1 during the breeding season of capelin and less than one during the remainder of the year. At the spatial scale of the population range and the temporal scale of a cohort, the value of the ratio will approach unity. In unexploited populations, maintenance of biomass levels at equilibrium is indicated by a value of 1. Increased mortality due to predation or the onset of harvesting reduces this value below unity unless a compensatory increase in recruitment occurs at low densities. Commercial fisheries managers maintain the value of this ratio near unity at time scales of several years by regulating harvest mortality Nf through quotas and gear restrictions.
The fourth step in the procedure is the plotting of each dimensionless ratio as a function of spatial (x-axis) and temporal (y-axis) scale using existing data. In many ecological systems precision of calculations may be limited by a paucity of data at large spatial and temporal scales. 
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lights discrepancies between ratio values and can be used to focus the discussion of large research groups on dominant scale-dependent processes. In this study each of us independently calculated dimensionless ratio values and plotted a set of rate diagrams for adult capelin in the northwest Atlantic. Diagrams for each ratio were compared and then combined to form a composite. When comparing diagrams, we found that plots were repeatedly similar with only minor differences. For example one author omitted tidal processes when estimating values of the kinematic ratio and so this was included in the composite.
Results
We used data from capelin assessment documents and published velocities of the Labrador and Newfoundland inshore currents to estimate scale-dependent ratios in rate diagrams. Order of magnitude calculations showed whether the absolute value of any dimensionless ratio was less than, equal to, or greater than 1 at a given spatiotemporal scale. Contour lines marked the spatial and temporal scales where dimensionless ratios changed value.
The major feature in the rate diagram of capelin growth to population dynamics ratio (Fig. la) reflects the persistence of Newfoundland-Labrador capelin populations at large scales. At spatial scales larger than the continental shelf and temporal scales larger than a year the value of the ratio is greater than 1. This is a result of changes in the concentration of biomass due to somatic growth exceeding changes due to population dynamics. Capelin growth, as indicated by length, increases an average of 40900% or 10225% of initial hatch length per year during the first 4 years of life (Templeman 1948 ). This rate exceeds that of partial recruitment to the adult stock -53% per year (Carscadden and Miller 1981) , spawning mortality -80% of spawning stock per year (Carscadden and Miller 1980) , fishing mortality -0.05% of estimated biomass per year (Carscadden et al. 1991) , and the net kinematic rate -0% since the population remains on the continental shelf. Recruitment, mortality and kinematic rates exceed somatic growth rates at smaller scales and the value of the ratio is less than 1.
Values of the demographic to kinematic ratio (Fig. lb ) vary depending on capelin reproductive status. At temporal scales of a year and spatial scales of the continental shelf changes in the concentration of capelin biomass due to demographic processes exceed changes due to kinematics and the value of the ratio is greater than 1. Partial recruitment to the adult population (4 years) is 53% per year (Carscadden and Miller 1981) . Natural mortality is typically assumed to be 30% per year in capelin (e.g. Carscadden and Miller 1980) . Changes in the volume occupied by capelin populations are negligible at these scales and therefore the value of the kinematic term is near zero. At sub-annual scales passive and active movements of capelin increase the value of the kinematic term and the value of the ratio is less than 1. During the spawning season, the location of the unity contour shifts to the spatial scale of a spawning beach or cove (100-1000 m) on a day to week scale. This is a result of increased mortality due to spawning -approximately 2% of spawning fish per day (Carscadden and Miller 1980) and inshore harvesting -0.001% of total estimated biomass per day (Carscadden et al. 1991) . Concentrated predation on capelin by fish, seabirds and marine mammals also occurs during this period (c.f. Carscadden 1983) but lack of data prevented an estimate of mortality rates due to natural predation.
The unity contour in the diagram of the kinematic ratio (Fig. Ic) is also located at the scale of the entire population. On the continental shelf over an annual cycle, passive drift associated with the Labrador Current -typical surface speed of inshore branch 0.1 ms-~ (Helbig et al. 1992) , is balanced by the annual migratory cycle of adult fish (c.f. Carscadden 1983). At temporal scales less than a year and the continental shelf, changes in biomass concentration due to swimming exceed changes due to passive drift and the value of the ratio is greater than 1. At spatial scales of kilometres to metres and temporal scales of weeks to seconds, potential changes in the concentration of biomass due to passive drift with tides, currents and internal waves (Yao 1986, de Young et al. 1993) exceed changes due to active movements. Hence the value of the ratio is less than 1. The dominance of passive movements at these scales disappears during the spawning season when aggregations of adult capelin migrate to coastal waters.
At the largest scales in the rate diagram of the demographic ratio (Fig. Id) , persistence of a population requires a balance between recruitment and mortality. The resulting value of the demographic ratio must equal 1. On an annual scale over the spatial range of the population, recruitment generally exceeds natural and harvesting mortality. Large decreases in recruitment combined with increased natural and harvesting mortality may reduce the value of the ratio below unity at these scales in any particular year. For example, capelin recruitment measured as 2-year-olds dropped by a factor of 35 between the 1973 and 1976 year-classes in NAFO Division 2J3K (Carscadden and Miller 1981) . During the spawning season, mortality exceeds recruitment to the adult population. This reduces the value of the demographic ratio to less than one at spatial scales of hundreds of metres to tens of kilometres and temporal scales of hours to weeks. At the scale of an individual capelin, natural and harvesting mortality exceeds recruitment and occurs at scales less than a metre and lasts no more than minutes. 
Discussion
The proposed framework is not a panacea for evaluating pattern generating processes. It is a technique that summarizes and displays existing knowledge of scale-dependent processes in any ecological system. Rate diagrams can be used to evaluate the relative importance of variance generating processes at any scale of interest and to identify sampling scales in process oriented research. This is an iterative procedure where ratio values and contour locations are refined as new data are gathered. A plot depicting biological variability as a function of space and time combined with a set of rate diagrams synthesizes all knowledge of scale-dependent pattern and process for a biological quantity. Comparison of scaledependent variability to dimensionless ratio values identifies processes that are likely to generate variability at that scale. This presentation avoids the assumption that a single biological or physical process is directly linked to pattern at any scale, and that coupling of biological and physical processes occurs at characteristic spatial and temporal scales. To further illustrate the advantages of using dimensionless ratios we constructed a set of zooplankton rate diagrams to identify potential variance generating processes in the Haury et al. (1978) Stommel diagram of zooplankton biomass variability (Fig. 2a) . Dimensionless ratio values were estimated across the same range of scales and nominal contours (<1, 1, > 1) were plotted in a column of rate diagrams (Fig. 2b-2e ). Zooplankton were assumed to be an unexploited population of mid-latitude, zooplanktonic organisms with the limited locomotory capability of copepods. As with the capelin diagrams, we calculated and plotted ratio values independently, then compared and discussed differences to form a composite for each ratio.
The rate diagram of the growth to population dynamics ratio (Fig. 2b) shows greater change in the concentration of biomass due to somatic growth than due to demographic and kinematic processes at spatial scales up to a kilometre and temporal scales from days to a month. The value of the ratio is less than 1 at all other scales. In the demographic to kinematic rate diagram (Fig. 2c) at the scale of the population, biomass changes due to the succession of generations exceed biomass changes due to movement. At scales below annual cycles and smaller than the continental shelf, biomass changes due to swimming and passive movements dominate over demographic changes and the value of the ratio is less than 1. The rate diagram of the kinematic ratio (Fig. 2d) reflects the locomotory capacity of the organism. Changes in biomass due to swimming and diel migration dominate at scales of days and hundreds of metres, resulting in a ratio value greater than 1. At larger scales passive motions associated with flow structures (e.g. currents, gyres, upwelling) determine the distribution of biomass and the value of the ratio is reduced below 1. In the rate diagram of the demographic ratio (Fig. 2e) mately equal at all spatial scales over annual and larger temporal scales. The value of the ratio is greater than 1 at spatial scales greater than a kilometre and at temporal scales of weeks to months as a result of the turnover in generations. Changes in biomass due to predation and natural mortality dominate at all other scales, thereby reducing the value of the ratio below 1. Comparison of the rate diagrams with the zooplankton Stommel diagram showed that of the 11 features in the Stommel diagram (designated by letters A-K), 6 were attributable to dominant processes in rate diagrams at the same spatial and temporal scales. The remaining 5 features (C, F, I, J, K) in the Stommel diagram are attributed to fluid motions, while plots of rates indicate that demographic processes should prevail at the space and time scales of these features. Based on our rate diagrams, we hypothesize that variability in zooplankton concentration at the space and time scales of features C, F, I, J, K in the Stommel diagram are due more to demographic than to fluid processes. Biomass distribution, locomotory capacity and passive drift data at large temporal scales are needed to test this speculation.
Identifying appropriate sampling scales If a research program is focused on a particular process (e.g. somatic growth), rate diagrams can be used to identify relevant sampling scales for a field program. For example the rate diagram of the growth to population dynamics ratio (Fig. la) indicates that somatic growth exceeds demographic and kinematic rates at a spatial scale of hundreds of kilometres and a temporal scale of several years. This spatiotemporal scale is a logical choice of sampling resolution when quantifying the contribution of somatic growth to changes in capelin biomass concentration. At smaller spatiotemporal scales, changes in capelin biomass concentration are dominated by demographic and kinematic processes. Scales where interaction between competing processes may be important are indicated by dimensionless ratio values approximately equal to 1. Interactions between growth and population dynamic processes are likely to occur at annual and continental shelf scales (Fig. la) .
The plotting of dimensionless ratios can also be used to quantify the range of scales over which research conclusions can be generalized. Ecosystem process models should not be generalized across scales, just as regression models should not be extrapolated beyond limits of sampled data. For example, the capelin biomass rate diagrams indicate that a spatial variance model for the capelin spawning season over spatial scales less than 10 kilometres should include fishing and spawning mortality (Figs lb, Id) . If the range of the model was expanded to annual cycles over the continental shelf, the model must also be expanded to include recruitment and growth processes (Figs la, lb, ld) .
Evaluating variance generating processes
Comparison of ratios derived from dimensional analysis provides considerable insight into the relative importance of pattern generating processes. After setting the temporal and spatial scales of interest, a set of rate diagrams and order of magnitude calculations can be used to identify potentially dominant processes prior to field sampling. To illustrate by way of example, what sampling scales should be used and which processes should be measured to quantify the spatial variance of capelin distribution in nearshore waters during the spawning season? From capelin life history we know that the spawning season lasts approximately six weeks every year and occurs along most of the Newfoundland coast. Onset of spawning may follow a south to north latitudinal trend (Templeman 1948 ) but suitable spawning habitat is assumed along the entire coast. Therefore the temporal scale at which to evaluate competing processes is approximately six weeks. Logistic sampling constraints set the spatial scale to that of a bay (20-40 km). At this spatiotemporal scale, the rate diagram of the growth to population dynamics ratio (Fig. la) indicates that demographic and kinematic processes are more important than growth processes. The ratio of demographic to kinematic rates (Fig. lb) is near 1, indicating both demographic and kinematic processes may be important to capelin spatial dynamics during the spawning season. Further comparison shows that kinematic processes are dominated by divergence due to swimming motions (Fig. Ic) and that mortality exceeds recruitment in the demographic ratio (Fig. id) typical for long-lived, demersal species that are managed over large areas. In contrast, heavy fishing pressure on pelagic species increases both N and V as mortality increases and the spatial range is contracted to maintain school densities (Murphy 1966 , Winters and Wheeler 1985 , Csirke 1988 ). The size of management areas for demersal and some pelagic fish stocks are typically on the order of hundreds of km2. These are chosen to contain population movements over an annual cycle. This reduces the value of the demographic to kinematic ratio (Eq. 6) below 1 and the kinematic ratio (Eq. 7) becomes indeterminate because VF has a value of 0. Wide ranging species (e.g. whales, tuna) clearly require much larger management areas to maintain similar values in ratios with kinematic terms.
The management of exploited populations is summarized by the demographic ratio (Eq. 8). Resource populations are regulated through the allocation of quotas (Nf). Natural mortality (Nm) is rarely measured for commercial fish stocks. It is traditionally assigned a constant value in stock assessments, typically 0.2 yr1 for demersal species. Fisheries research has largely focused on recruitment processes (Nr) in an effort to predict conditions of high recruitment. Fluctuations in annual recruitment of fish species have ranged from a factor of 2 to a factor of 100 (Cushing 1982 ) but the process is not well understood. The demographic ratio can also be used to calculate harvesting rates needed to maintain or increase resource levels. The onset of harvesting dramatically increases Nf relative to Nr. If the recruitment rate is known, resource managers can prevent recruitment overharvesting by limiting harvesting at levels equal to or below recruitment rates during the long-term management of the resource.
Contouring dimensionless ratio values as a function of space and time scales provides a comprehensive method to summarize knowledge of pattern generating processes in complex ecological systems. It can be used by individuals conducting research programs or by agencies managing renewable resources. This technique summarizes the spatial and temporal dynamics of any organism, evaluates the relative importance of pattern generating processes at single or multiple scales, identifies potential research areas and appropriate sampling scales for field studies, and quantifies the range over which spatiotemporal models can be generalized. Aquatic examples were used to demonstrate the method but the same procedures can be applied to organisms in terrestrial or aerial environments. As a brief terrestrial example we examine factors affecting the rate of change in the concentration of seed producing, balsam fir (Abies balsamea) trees. The rate of change in the concentration of trees [S] is a function of recruitment Nr, natural Nm and harvesting Nh mortality, and the lateral divergence of trees due to seed dispersal AD. 
